Repairing plasma membrane damage is vital to eukaryotic cell survival. Membrane shedding is 27 thought to be key to this repair process, but a detailed view of how the process occurs is still 28 missing. Here we used electron cryotomography to image the ultrastructural details of plasma 29 membrane wound healing. We found that filopodia-like protrusions are built at damage sites, 30 accompanied by retraction of neighboring filopodia, and that these repurposed protrusions act 31 as scaffolds for membrane shedding. This suggests a new role for filopodia as reservoirs of 32 membrane and actin for plasma membrane damage repair. Damage-induced shedding was 33 dependent on F-actin dynamics and Myo1a, as well as Vps4B, an important component of the
Phenomena such as blebbing, plasma membrane ruffling and modulation of cell protrusions are 137 suggestive of a role for F-actin. We therefore imaged damage response in cells labeled with 138 RFP-LifeAct. We indeed observed relocation of F-actin to damage sites ( Fig. 1, Supplementary   139 Movie 1 -cells 2-3, and quantified in Fig. 1 -ix) . Initially, F-actin was enriched in blebs, 140 consistent with its established role in membrane blebbing 34 . Subsequently, F-actin relocated to 141 the newly formed protrusions.
143

CryoET reveals F-actin-rich membrane protrusions and free vesicles at damage sites 144
To study the ultrastructural details of plasma membrane repair, we used electron 145 cryotomography (cryoET), an imaging technique that can provide high-resolution three-146 dimensional structural information about biological samples preserved in a near-native frozen-147 hydrated state. Fortunately, the periphery of adherent HeLa cells is thin enough for direct 148 imaging by cryoET. To target damage sites precisely for cryoET, we used CHMP4B-EGFP 149 recruitment as a marker for cryogenic correlative light and electron microscopy (cryo-CLEM). By 150 light microscopy, we observed that cells grown on EM grids were more susceptible to damage 151 and we therefore reduced the damage area to 1.5 µm in diameter and reduced the number of 152 laser pulse cycles to 35. Also, to standardize the recovery time after damage and prevent cells 153 from undergoing large morphological changes between light microscopy and plunge-freezing, 154 we fixed the cells after damage and recovery, before plunge-freezing. Fixation has been shown 155 to largely preserve ultrastructure [35] [36] [37] . As with cells on glass, laser-damaging cells on EM grids 156 resulted in CHMP4B-EGFP recruitment at the damage sites by 10-15 min ( Fig. 2a ). Based on experiment in Supplementary Movie 2. We advise readers to watch this movie before 163 proceeding further.
165
CryoET of damage sites revealed numerous F-actin-rich plasma membrane protrusions with 166 budding vesicles, and abundant free vesicles nearby (Fig. 2b-d and Supplementary Movie 2).
167
Budding profiles were even observed on the free vesicles. The size distribution of budding 168 profiles matched that of the free vesicles ( Fig. 2e ; diameter of 85 ± 83 nm for free vesicles and 169 110 ± 92 nm for budding profiles; mean ± standard deviation (s.d.)), suggesting that the free 170 vesicles were shed from the protrusions. Further supporting this idea, the budding profiles 171 showed protein densities just inside the plasma membrane similar to those present in the shed 172 vesicles. Free vesicles and budding profiles were found on/near filopodia of control cells as well 173 but were relatively rare ( Fig. 2d) . A subset of damage site protrusions showed regions devoid of 174 F-actin or with disorganized F-actin, usually at their distal tips ( Fig. 2c ). Such regions had often 175 lost their tubular morphology and displayed a propensity to pearl, consistent with our light 176 microscopy experiments (note that the pearled regions observed by bright-field microscopy 177 were an order of magnitude larger in size). By comparison, filopodia without damage showed no 178 pearling. Pearled membrane protrusions were pleomorphic, with varying numbers of constriction 179 sites. Free vesicles of comparable sizes were abundant in the vicinity ( Fig. 2c ), suggesting that 180 pearling-mediated membrane constriction contributes to vesicle shedding.
182
Damage-induced protrusions resembled canonical filopodia, exhibiting a central bundle of 183 longitudinal F-actin filaments sheathed by plasma membrane (Fig 3a,b) . Although the F-actin 184 bundles spanned the entire length of both structures, individual actin filaments were shorter and 185 several filaments were seen originating within the protrusions (consistent with previously 186 characterized filopodia in Dictyostelium 38 ). Protrusions at damage sites were as abundant as, or 187 in several cases more abundant than, filopodia seen around control cells ( Fig. 3c ; note that regular filopodia were non-uniformly distributed, so abundance was measured in clusters).
189
Filopodia and damage site protrusions displayed several other striking similarities: (1) similar 190 widths ( Fig. 3d ); (2) presence of internal vesicles ( Fig. 3e ), suggesting active membrane 191 trafficking; (3) linker-like densities between filaments and between F-actin and the plasma 192 membrane (Fig. 3a ,b -panels ii-iii); (4) branch points, with F-actin bundles at the periphery ( Fig.   193 3a,b -panels iii-iv); (5) F-actin filaments derived from the cortical actin network at the base ( 
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Actin-rich membrane protrusions are the source of shed vesicles 204
The abundance of free vesicles and intermediates around damage-induced protrusions strongly 205 suggests that the protrusions act as scaffolds for shedding. In order to test this hypothesis, we 206 analyzed the damage response in cells after disrupting the N-WASp actin-nucleation pathway 207 with wiskostatin. Wiskostatin binds the GTP-binding domain of N-WASp and stabilizes it in an 208 autoinhibited form 39 , thus preventing de novo nucleation of linear chains of F-actin or activation 209 of Arp2/3 to form branched F-actin chains. When cells were treated with wiskostatin for 2-3 210 hours, before laser treatment, the number of filopodia visible by bright-field imaging was greatly 211 reduced ( Fig. 4a -panels I, iii, and v), although the cells still spread on the glass support. We 212 observed an enrichment of vacuole-like vesicles in these cells, consistent with previous 213 observations 40 , but their significance is unknown. Following laser damage, CHMP4B-EGFP was 214 recruited to the damage site as in untreated cells ( Fig. 4a -panels ii, iv, and vi). However, no 215 protrusions were visible by bright-field imaging. CryoET similarly showed a significant reduction 216 in the number of damage site-protrusions compared to untreated cells (Fig. 4b,c ). Instead, we 217 observed aberrant membrane structures (not found in untreated cells) that may represent 218 accumulation of membranes that failed to form protrusions (Fig. 4b ). Shed vesicles were also 219 less abundant than from untreated cells ( Fig. 4d,e ). Examination of the vesicles revealed that 220 those from wiskostatin-treated cells showed a narrower range of sizes than those from 221 untreated cells, with fewer vesicles larger than 100 nm in diameter ( Fig. 4e ). This reduction is 222 reflected in the their size distribution (Fig 4d) and their mean sizes (57 ± 44 nm for wiskostatin-223 treated cells compared to 85 ± 83 nm for untreated cells; mean ± s.d.). In summary, when actin 224 nucleation is blocked, fewer protrusions and vesicles are observed at damage sites, although 225 CHMP4B-EGFP is still recruited.
227
Myo1a is involved in the organization of protrusions and/or vesicle shedding 228
Actin-based membrane protrusions have been previously implicated in vesicle shedding in the 229 brush borders of gut enterocytes 26, 41 , suggesting possible similarities in the molecular 230 machinery between the two systems. In microvilli, Myo1a forms radial densities connecting actin 231 bundles to the plasma membrane 26 . We observed similar densities in both filopodia and damage 232 site protrusions ( Fig. 3 ), although they were less abundant, more irregular and harder to quantify 233 than those described in microvilli. We therefore decided to directly test whether Myo1a plays a 234 role in damage-mediated shedding. We knocked down Myo1a expression in cells using siRNAs 235 and observed a significant, though not complete, reduction of Myo1a protein levels 236 ( Supplementary Fig. 4a ). We then performed damage experiments on cells that showed efficient 237 co-transfection of BLOCK-iT Alexa Fluor Red Fluorescent control RNA (to limit our analysis to 238 transfected cells; Supplementary Fig. 4b ). When these cells were laser-damaged, we observed 239 CHMP4B-EGFP recruitment to the damage sites, with or without membrane blebbing, and loss 240 of nearby filopodia and formation of new protrusions ( Fig. 5a ), just as in wildtype. By cryoET, we 241 observed additional similarities with wildtype: (1) similar abundance of plasma membrane 242 protrusions ( Supplementary Fig. 5a ); (2) similar organization of F-actin in protrusions ( Fig. 5b );
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(3) pearling at sites of disorganized F-actin along protrusions ( Fig. 5b) ; (4) similar abundance of 244 shed vesicles with comparable size distribution ( Supplementary Fig. 5b ,c); and (5) protein 245 densities underneath the plasma membrane in both budding profiles and free vesicles ( Fig. 5b ).
246
These observations indicate that Myo1a is not absolutely essential for the organization of 247 plasma membrane protrusions, although it is also possible that the knockdown of the protein 248 was insufficient to see an effect or that there is significant functional redundancy with other 249 motor proteins. We did, however, observe some defects in scission of budding vesicles ( Supplementary Fig. 5d ). Therefore, Myo1a, although probably not 256 essential, is likely involved in damage-induced shedding.
258
ESCRT is involved in membrane scission during shedding
259
ESCRT proteins are known to catalyze several membrane scission processes with similar 260 membrane topology to shedding 42, 43 . In a previous study, recruitment of ESCRT proteins was 261 shown to directly correlate with wound closure 2 . Furthermore, the authors observed a few 262 extracellular membrane vesicles at sites of damage by SEM, leading to the hypothesis that 263 ESCRT proteins close wounds by shedding damaged membranes. In this study, we observed 264 punctate localization of CHMP4B-EGFP along membrane protrusions at damage sites. These 265 protein foci could be localized to the necks of budding profiles, thus suggesting a role for 266 ESCRT in membrane scission. However, it is also possible that ESCRT is instead localized to 267 endocytic compartments such as multivesicular bodies (MVBs) and other vesicles in the 268 protrusions. We therefore proceeded to directly test the role of ESCRT in membrane shedding.
270
We knocked down Vps4B, an essential AAA ATPase in the ESCRT pathway that was 271 previously shown to be important for wound repair, and performed plasma membrane damage 272 experiments. Knockdown of Vps4B was very efficient ( Supplementary Fig. 6a ) and only cells
273
showing strong signal from co-transfected BLOCK-iT Alexa Fluor Red Fluorescent control RNA 274 were imaged ( Supplementary Fig. 6b ). Again, we saw that the plasma membrane exhibited 275 blebbing at the site of damage, existing filopodia were retracted around the damage site, new 276 protrusions were formed at the damage site, and CHMP4B-EGFP was recruited to the damage 277 site ( Fig. 6a ). CryoET of damage sites showed (1) numerous membrane protrusions, (2) F-actin 278 bundles in protrusions, and (3) pearling ( Fig. 6b and Supplementary Fig. 7a ), all similar to 279 wildtype. Although the abundance of these damage site protrusions seemed to show a different 280 distribution compared to wildtype (as indicated by the p-value from a Kolmogorov-Smirnov test),
281
the mean was quite similar to that of wildtype cells (~2.5 µm of protrusions per µm 2 of tomogram 282 X-Y cross-sectional area for both samples; Supplementary Fig. 7a ). These observations indicate 283 that Vps4B is not essential for the organization of membrane protrusions. However, there was 284 an appreciable decrease in the number of shed vesicles smaller than 200 nm in diameter 285 compared to wildtype ( Supplementary Fig 7b) , as indicated by the mean vesicle diameter (141 ± 286 141 nm for Vps4B knockdown cells compared to 85 ± 83 nm for wildtype; mean ± s.d.). There 287 was a corresponding increase in the abundance of budding profiles (or constriction events) 288 smaller than 200 nm in diameter ( Supplementary Fig. 7c ). These smaller budding profiles 
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In the first step of shedding, membrane could be transferred to sites of damage by lateral 327 diffusion or by a more complex process involving endocytosis at the source followed by Imaging was performed at the Caltech Biological Imaging Facility on a Zeiss LSM800 437 microscope equipped with a large environmental chamber to maintain the temperature at 37 °C 438 and a smaller insert module that helped maintain both the temperature and a CO 2 level of 5%.
using the low dose functions of tracking and focusing. The cumulative dose of each tilt-series 504 ranged between 80 and 150 e -/Å 2 . Once acquired, tilt-series were binned into 1k x 1k arrays 505 before alignment and reconstruction into 3D tomograms with the IMOD software package 59 and 506 tomo3D 60 . Tilt series were aligned using 10 nm Au fiducials or patch tracking in IMOD while 507 reconstructions were performed using SIRT in tomo3D. In addition to tilt-series, projection 508 images were saved at other magnifications like 360 X for correlation post-data acquisition.
510
For data processing, analysis and generating figures, more precise correlations were performed 511 using custom Python scripts in a semi-automated fashion. Features used as control points here 512 were similar to the ones used for correlation during data acquisition. However, the number of 513 control points used was larger and a robust best-fit method was employed to increase the 514 precision for correlation. Control points that gave the most accurate correlation (based on the 515 overall error in the fit) were selected from the set provided by the user for accurate correlation.
516
Precision for correlation at lower magnifications is particularly important because of the large 517 pixel sizes involved.
519
Segmentation 520 Segmentations of tomograms were manually performed using Amira (ThermoFisher).
521
Animations of segmented tomograms were created using Amira and Adobe Photoshop CC 
